The aim of this study is to find out the effect of TiO 2 addition on crystallization behaviour and machinability of glass ceramics having 6:4 weight ratio of potassium mica and cordierite phases. In the first stage of the experimental studies, three glass compositions with potassium mica to cordierite ratio of 6:4 have been prepared, mixed and casted at proper temperatures. One of the compositions didn't contain any TiO 2 , others contained 1 and 2 mass% TiO 2 respectively. 4 mass % CeO 2 as a stabilizer and 2 mass % CaO as melting agent were added to glass compositions. In the second stage of the experimental studies, disc and cylindrical shaped glass samples were casted. After heat treatment, microstructure and mechanical properties were determined in terms of micro hardness (HV) and machinability. As a result of experimental studies, it was observed that TiO 2 addition promotes cordierite formation. In these glass compositions curved mica that provides machinability precipitated in glass base matrix and cordierite phase that provides hardness and chemical resistance precipitated in boundaries between mica crystals. It was observed that TiO 2 addition of Imass % and above reduces porosity, thus increasing hardness.
INTRODUCTION
Glass-ceramic materials are becoming increasingly important in electronics industry due to their electrical and mechanical properties. Initially, these materials were preferred because of their high resistivity and chemical resistance. Later, these found additional roles in circuits and electronic parts depending on other properties like permittivity and dielectric strength. Glass-ceramics used in electronics are generally required to be machinable to allow easy manufacturing. These glass-ceramics can be machined, drilled, milled or threaded like metals. The excellent machinability of mica glass-ceramics originates in the cleavage and the interlocking microstructure of mica platelet crystals /l-4/. The production of such glass-ceramics in based on the controlled precipitation of a mica phase from the base glass. Mica glass-ceramics also benefit from high thermal shock resistance. The precipitated crystalline phase potassium phlogopite (KMg 3 (AlSi 3 O| 0 F 2 )) should constitute at least two-thirds of the total volume for effective machinability. In the production of glassceramics, nucleating agents such as TiO 2 are commonly used to induce bulk crystallization of desired phases. Additionally, nucleating agents can reduce crystallization temperature and time. In several investigations /4-6/, focusing on the role of TiO 2 as a nucleating agent in mica-based glass-ceramics, small addition of titania proved to have a significant effect on crystallization processes. Glass-ceramics used in electronics are always required to have high resistivity, and either a low (for isolation) or very high (for use in capacitors) dielectric constant. Low dielectric constants can be achieved by precipitation of cordierite phase (Mg^ALiSisOig). The purpose of this study is to investigate the effect of TiO 2 addition as a nucleating agent on the crystallization behavior of mica based glass ceramics.
MATERIALS AND METHODS
Merck grade MgO, CaCO 3 , SiO 2) AI 2 O 3 , K 2 CO 3) MgF 2 and CeO 2 powders were used as starting materials for obtaining glass-ceramics having 6:4 weight ratio of potassium mica to cordierite. CeO 2 was used to help precipitate cordierite phase, CaO was added to decrease melting temperature and TiO 2 was added as nucleating agent. The raw materials were mixed for two hours and calcinated at 1223 K for an hour, and then they were melted in a sealed platinum crucible at 1723 K and
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quenched in water. Differential thermal analysis (DTA) was performed for each composition under nitrogen atmosphere. The DTA scan rate was 10 K/min and glass powders were heated up to 1473 K. Crystalline phases were identified by X-Ray Diffraction (XRD) in the 2Θ range 4-80° employing CuKa radiation. In order to determine microstructure and mechanical properties, disc and cylindrical shaped samples were prepared by casting. The molten glass was poured into the preheated graphite moulds and the glasses cast were put in a furnace at 773 K to release thermal stresses. Heat treatment programs, to which the samples were subjected, in order to produce glass-ceramic are given in Table 1 . The microstructures of the glass-ceramics were examined by field emission scanning electron microscope (FE-SEM) type JEOL JSM-7000F (Japan) after etching in %5 HF solution for 60s and coating with gold. Microhardness tests were only applied to the polished cylindrical samples under a constant load of 500g with 12 s indentation time. The glass compositions with no additive, 1%, and 2% TiO 2 additions have been designated as TO, T10, and T20, respectively. 
RESULTS AND DISCUSSION

DTA results
The glass transition (Tg) and crystallization temperatures (T cl and T c2 ) of the glasses are listed in Table 1 . According to these results, all compositions showed one endothermic peak indicating glass transition, and two exothermic peaks indicating crystallization.
According to DTA curves, TiO 2 addition slightly decreased glass transition and crystallization temperatures of the glasses. This effect was more pronounced in 1% TiO 2 addition and than that of 2% TiO 2 addition (all in mass %).
XRD analysis results
The glasses were subjected to heat treatment according to DTA results, and XRD analysis was used for determining phase precipitation sequence and identification of phases. Results of XRD analysis are given in Figures 1-3 . TO glass showed no crystallization after being held at 938 K for an hour. Mica formation having a few cordierite peaks was observed at 1128K for Ih following nucleation at 938 K for an hour. Both cordierite and mica phases were detected at 1128K for 900 s following nucleation at 938 K for an hour. Lastly, a heat treatment program of 938K/lh + 1128K/lh + 1238K/2h did provide no significant improvement on crystallization compared to 938K/lh + 1128K/lh. Cordierite peaks became more pronounced due to an increase of crystallization when crystallization duration was increased from 900 s to 2h. The heat treatment applied to the T10 and T20 glasses was essentially the same, albeit at slightly lower temperatures in accordance with DTA results. The precipitation sequence and the precipitated phases did no change with TiO 2 addition. T10 is the only glass composition that shows surface crystallization after being subjected to nucleation heat treatment (933 K /l h). 
Mechanical characterization results
Hardness is an important factor in machinability of glass-ceramics. The microhardness results are given in Table 1 . According to these results, it is seen that crystallization heat treatment time necessary to obtain the highest hardness values is reduced by the addition of TiO 2 . While TO reached the highest value after 3 hours
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Microstructural characterization results
Cylindrical samples (d=10mm, h=50mm) with a weight ratio of 6:4 K-mica to cordierite were prepared for microstructural characterization. Microstructural characterization of glass-ceramics was carried out by using a JEOL JSM-7000F field emission gun electron microscope. All the samples were observed to have fine grains (mica ~lum, cordierite -O.Sum), which is known to have a positive effect on strength while decreasing chemical resistance. The main phase is K-mica, which precipitated first in DTA and XRD results. Cordierite crystals are formed among curved mica crystals, effectively covering them. The main difference perceived among the samples is porosity. TO has comparatively higher porosity, than those of T10 and T20. Porosity observed in T20 is slightly lower in comparison to T10. Since the formation of smaller crystals would lead to smaller pores and a lower total volume, these differences in porosity may be the result of the nucleating effect of TiO 2 . Added to this, microhardness tests showed higher performance in case of lower apparent porosity. Micrographs of the samples are shown in Fig. 4 . 
CONCLUSION
TiO 2 addition has been lead to a slight decrease in both the glass transition and crystallization temperatures of the glasses, with Imass % TiO 2 addition having the most noticeable effect. TiO 2 addition is also perceived to reduce apparent porosity in case of 1% addition.
